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a b s t r a c t 
Defect evolution under irradiation is investigated in a set of single-phase concentrated solid solution 
alloys (SP-CSAs) containing Ni with Co, Fe and/or Cr. We show that atomic segregation of Ni takes place 
already at very early stages of radiation damage in the 2–4 element SP-CSAs containing Fe or Cr, well 
below 1 dpa. We arrive at this conclusion by following the evolution of positron annihilation signals as a 
function of irradiation dose in single crystal samples, complemented by molecular dynamics simulations 
in the same model systems for high entropy alloys (HEAs). This manifestation of short-range order calls 
attention to composition fluctuations at the atomic level in irradiated HEAs. Ion irradiation may induce 
short-range order in certain alloys due to chemically biased elemental diffusion. The work highlights 
the necessity of updating the assumption of a totally random arrangement in the irradiated alloys, even 
though the alloys before irradiation have random arrangements of different chemical elements. 
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 
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[  1. Introduction 
Endeavors of improving the performance of structural materi-
als for nuclear energy applications have been a constant effort for
many decades, including improvements in mechanical properties,
corrosion resistance and radiation tolerance. Increasing demands
for energy and the requirement of safe operations of power plants
that produce it have raised the need for innovative material discov-
eries of structural alloys that can withstand extreme reactor en-
vironments of high temperature and harmful radiation flux. New,
non-intrusive, non-traditional metallic alloys that would meet all
requirements of structural materials over desired life times are
highly wanted. 
The development of metallic alloys is arguably one of the ev-
erlasting advances of humankind. In the long history of alloy de-∗ Corresponding author at: Department of Physics, University of Helsinki, POB 43, 
0 0 014, Helsinki, Finland. 
E-mail address: filip.tuomisto@helsinki.fi (F. Tuomisto). 
1 Current address: Horia Hulubei National Institute for Physics and Nuclear Engi- 
neering, P.O.B. MG-6, 077125 Magurele, Romania. 
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1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access a
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) elopment, solid solution strengthening is one of the most widely
sed methods to achieve specific desirable properties. Most re-
earch and applications have been focused on alloys with one or
wo principal elemental species, to which the addition of alloy-
ng elements at low concentrations has been used to give various
erformance enhancements. Such traditional approaches by tak-
ng a material with empirically good properties and making small
hanges in composition and microstructure to achieve a more de-
ired performance, do not fully meet the challenges imposed by
he extreme environments. In sharp contrast to traditional dilute
lloys, recent success in the synthesis of multicomponent single-
hase concentrated solid solution alloys (SP-CSAs), including high
ntropy alloys (HEAs) that commonly contain four or more al-
oying elements, has opened new frontiers in materials research
1–10] . As opposed to traditional alloys that populate the corners
f phase diagrams, SP-CSAs (and HEAs) occupy the center of the
iagrams that vastly expands the compositional space available for
lloy discovery. In these CSAs, a random arrangement of multi-
le elemental species on a regular lattice, such as face-centered
ubic (fcc) or body-centered cubic (bcc), results in unique site-to-
ite lattice distortions and local disordered chemical environmentsrticle under the CC BY-NC-ND license. 
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s  6–11] . Research has rapidly shown that compositional variations
n SP-CSAs have an enormous impact on defect dynamics and gen-
rate impressive properties, including exceptional fracture tough-
ess at cryogenic temperatures, high strength and low plasticity
t elevated temperatures [1–5] , enhanced radiation tolerance [6,8–
0] , and improved corrosion resistance [11–14] . 
Displacement damage from fast neutrons, fission fragments, and
ssociated energetic recoils cause displacements of atoms from
heir lattice sites, thereby forming atomic-scale defects. The knowl-
dge of radiation damage in traditional dilute metal alloys is de-
cribed well by various experimental and computational studies
15–20] that allow improvement of the understanding and con-
rollability of material properties. Recently, irradiation studies in
P-CSAs have shown that varying the type and concentration of
lloying elements alter the local electronic and atomic environ-
ents [6,8,9] , which can significantly influence defect energetics
21] . By tuning the composition of SP-CSAs, radiation damage tol-
rance is improved [6–9] . Under high-temperature and high-dose
rradiations, some binary, ternary and quaternary SP-CSAs, as well
s NiCoFeCrMn HEA, have shown ~ 20 to 30 times lower volume
welling than that of Ni [6,7,9] . In traditional dilute alloys, the trap-
ing of point defects by solute atoms has a significant influence
n the radiation-induced segregation (RIS), resulting from prefer-
ntial interaction between the flux of vacancies/interstitials and
he flux of solutes to point defect sinks [17–19] . In solid solution
SAs, RIS has also been reported and significant gradients in lo-
al chemistry may exist [22,23] . In recent work [22] , NiCoFeCrMn
nd NiCoFeCrPd HEAs were irradiated with 1250 kV electron irra-
iations, the condition in which only Frenkel pairs are expected
o be produced, at 400 °C up to 1 displacement per atom (dpa).
he results suggested that Cr/Fe/Mn/Pd deplete and Co/Ni accumu-
ate at radiation-induced dislocation loops. The authors concluded
hat the actively segregating elements are alloy-specific and pri-
arily determined by elemental difference – for example, Pd is
uch larger and heavier than the other alloying elements. Under
on irradiation where both point defects and small defect clusters
re formed as the primary damage state [23,24] , the authors how-
ver observe no obvious RIS near the loops in NiCoFeCrMn, and
onclude that RIS is significantly reduced with increasing compo-
itional complexity. A possible explanation is offered by another
ecent work [25] , which indicates that under ion irradiation con-
itions, the heat spikes can lead to interatomic mixing that coun-
eracts elemental segregation. At the present time, contrary to tra-
itional alloys with low solute concentration in single or multiple
hases, the underlying mechanisms contributing toward enhanced
rradiation resistance and outstanding mechanical performance of
hese non-traditional CSAs are still unclear, and especially little is
nown on the early stage of production and evolution of vacancy-
ype defects. As microstructures in SP-CSAs evolve under irradia-
ion, the accompanying elemental segregation is unknown, and the
ssociated material performance of SP-CSAs with extreme compo-
itional disorder is an unexplored frontier in materials science. 
Atomic-level transport properties, for example chemically-
iased point defect diffusion [26,27] or 1-D gliding self-interstitial
toms clusters [28] , are at the core of material performance un-
er extreme conditions, either separate or combined, such as large
oad bearing, high pressure, shockwaves and radiation that drive
aterials out of equilibrium phases. Most of today’s knowledge
f electronic or inelastic energy dissipation and the early stages
f radiation damage is based on theoretical modeling and com-
uter simulations of these non-equilibrium to equilibrium transi-
ions. Information on what is created after the initial stage of ion-
olid interaction – after atoms are displaced due to kinetic/elastic
nergy transfer and local electronic excitation, resulting in defect
roduction and damage evolution right following the initial energy
eposition – is largely unknown. Recent studies have shown thatodification of compositional complexity alters the defect dynam-
cs at the early stage of radiation damage, demonstrated by the re-
arkable suppression of damage accumulation [6,29] , as well as
he microstructural changes at the later stage, demonstrated by a
ubstantial reduction in void swelling [7,9] . Hence knowledge on
he early stages of radiation damage, when defects are created fol-
owing the transfer, equilibration, and dissipation of simultaneous
lastic and inelastic energy deposition, is critical to reveal a mate-
ial’s ability to dissipate radiation energy and to predict the mate-
ial’s response to particle irradiation. 
In this work, we show that elemental segregation takes place
lready at very early stages of radiation damage in SP-CSAs, well
elow 1 dpa. The six most commonly studied fcc single crystals
f elemental nickel, binaries NiCo and NiFe, ternaries NiCoCr and
iCoFe, and quaternary NiCoFeCr, all at equiatomic ratios, are cho-
en for investigation. These model crystals are composed solely of
 d transition metals, i.e., limited difference in atomic mass and
ize but with increasing differences in the 3 d electron count [30] ,
nd therefore expected to reveal unique defect properties result-
ng from distinct electronic structures and atomic arrangements. By
erforming positron annihilation experiments on as-grown (non-
rradiated) and irradiated crystals, associated electronic structure
alculations, and molecular dynamics simulations, we show that
tomic-level segregation of Ni around mono-vacancy-type damage
akes place in the Fe and Cr containing alloys. Interestingly, this
egregation appears to be correlated with improved radiation resis-
ance, suggesting an intriguing coupling between the short-range
rder and mechanical properties in these alloys. 
. Methods 
.1. Positron annihilation spectroscopy 
Positron annihilation spectroscopy is a collection of effective
ethods for the investigation of vacancy-type point defects in
rystalline solids [31] . Positron lifetime was measured in un-
rradiated samples with a digital coincidence spectrometer with
 time resolution of 250 ps. Two sample pieces were sandwiched
ith a 1 MBq positron source ( 22 Na deposited on 1.5 μm Al foil).
ypically 2 × 10 6 annihilation events are collected in each positron
ifetime spectrum. The lifetime spectrum n ( t ) = i I i exp( −t / τ i ) was
nalyzed as the sum of exponential decay components convo-
uted with the Gaussian resolution function of the spectrometer,
fter subtracting the constant background and annihilations in the
ource material (typically a few percent, for details see, e.g. , [31] ).
oppler broadening measurements of positron annihilation radi-
tion were performed in the irradiated samples with a variable-
nergy positron beam. Positron implantation energies were varied
rom 0 to 25 keV, corresponding to mean implantation depths up
o 0.8 μm (information depth 1.6 μm). We used high purity ger-
anium (HPGe) detectors with an energy resolution of 1.2 keV
t 511 keV. The integration windows for the S and W parameters
ere set to | p L | < 0.4 a.u. and 1.6 a.u. < | p L | < 4.0 a.u., respectively.
n addition to the S and W parameters, effective positron diffusion
engths were extracted from the depth-resolved data through fit-
ing the stationary positron diffusion equation [32] . 
We used ab initio electronic structure calculations to model
he positron annihilation parameters in the metal lattices (Ni,
o, Cr and Fe) and at different kinds of vacancy defects, tak-
ng into account the forces exerted on the ions by the localized
ositron [33,34] . The valence electron densities were obtained self-
onsistently via the local-density approximation (LDA), employ-
ng the projector augmented-wave (PAW) method [35] and the
lane-wave code VASP [36–38] . The positron states and annihila-
ion characteristics were determined using the LDA [39] and the
tate-dependent scheme [40] for the momentum densities of an-
46 F. Tuomisto, I. Makkonen and J. Heikinheimo et al. / Acta Materialia 196 (2020) 44–51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. SRIM-predicted dpa profile for the NiFe sample, assuming the density of 
8.232 g cm −3 , irradiated with multiple energies of Ni ions. The Ni energies and the 
corresponding fluences are indicated on the plot. The purple dashed line represents 
the average dpa level for this irradiation sequence, corresponding to an average Ni 
concentration of 3 × 10 18 cm −3 . 
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w  nihilating electron-positron pairs. We use a 32-atom fcc supercell.
The Doppler spectra and the S and W parameters were computed
using reconstructed PAW orbitals and atomic orbitals [33,34] for
the core electrons, and finally convoluted with the experimental
resolution function. Results for the alloys were constructed by av-
eraging of the elemental data. 
2.2. Crystal growth 
Pure Ni crystal and single-phase NiCo, NiFe, NiCoCr, NiCoFe,
NiCoFeCr equiatomic solid solution alloys were prepared using
high-purity Ni, Co, Fe and Cr elemental metals ( > 99.9%) by
arc melting, drop casting, solidification, and crystallization [8,9] .
Before drop-casting into cylindrical copper molds, the mix was
flipped, re-melted and re-mixing five times to ensure a homo-
geneity. The polycrystalline drop-cast ingots were then loaded
into an optical floating zone furnace and converted to a single
crystal. The crystals were oriented and cut ~1 mm thickness
normal to the [100] directions by electro-discharge machining,
the surfaces were electrochemically polished to remove surface
damage from the cutting process and to produce damage-free
surfaces for ion irradiations. These (100)-oriented single fcc phase
crystals are high-quality crystals with random arrangements of
the chemical elements and few crystal imperfections [41] . The
quality [6–8,29] and the randomness [11,42,43] have been studied
and confirmed experimentally by ion channeling methods, trans-
mission electron microscopy techniques, X-ray or neutron total
scattering and extended X-ray absorption fine structure (EXAFS),
X-ray diffraction and X-ray scattering techniques. 
2.3. Ion irradiation 
The Ni ion irradiations were performed at the Ion Beam Materi-
als Laboratory (IBML) at the University of Tennessee in partnership
with Oak Ridge National Laboratory [41] . The MeV Ni ion irradi-
ations produce a recoil spectrum similar to fast neutrons and do
not cause transmutations that could lead to high radioactivity of
the samples [44] . In addition, ion beams produce energetic recoils
that lead to very localized (i.e., a few nanometers) but extremely
high pressures and temperatures [45] . Such energetic ions can be
applied as a unique tool to study materials response under ex-
treme conditions and to modify materials for desirable properties.
The irradiations were performed at room temperature in order to
minimize the possible modification of previous irradiated regions
and 5 ° off the surface normal to avoid channeling implantation.
In order to produce wide and more uniform damage to a depth
beyond 3.0 μm for positron experiments, samples were irradiated
using Ni ions with multiple energies (2, 4, 8 and 16 MeV). The
irradiation sequence was from higher energies to lower energies
in order to minimize modification of pre-existing defects created
by earlier irradiations. The depth profile of irradiation-induced in
displacements per atom (dpa) was calculated using the Stopping
and Range of Ions in Matter (SRIM) code [46] using the full cas-
cade option [47] . The measured sample densities of 8.908, 8.848,
8.232, 8.273, 8.390 and 8.144 g cm −3 for Ni, NiCo, NiFe, NiCoCr,
NiCoFe, and NiCoFeCr, respectively, were used, along with an as-
sumed threshold displacement energy of 40 eV for all elements
[48] . The essential ion fluences for each ion energy were then cho-
sen based on the SRIM calculations to produce doses range from
0.01 dpa to 1 dpa. An example of 1 dpa profile is shown in Fig. 1
resulting from multiple energies Ni ion irradiations in NiCoFeCr.
Table 1 shows the fluences for each irradiation condition. Note that
the average dpa values in the table refer to the whole irradiated
range, while at the depth scale probed by positrons the average
dpa is slightly lower (e.g., roughly 0.8 dpa for the 0.9 dpa irradia-
tion). Nevertheless, we refer to the samples by rounded dose val-es in an order-of-magnitude fashion, given in parentheses in the
able. The average concentration of implanted Ni in the damaged
egion is roughly 3 × 10 18 cm −3 / dpa. For all the irradiations, the
i ion flux was kept at 4.5 × 10 10 ion cm −2 s −1 . 
.4. Molecular dynamics simulations and analysis 
To obtain a picture of radiation damage at elevated doses, mas-
ively overlapping 5 keV cascades were simulated at room temper-
ture in molecular dynamics (MD) [49,50] . This choice of cascade
nergy yields the desired doses with reasonably sized simulation
ells, while it still is high enough to be in the heat spike regime
51] . The materials investigated were the same as the ones in the
xperimental setup, with the exclusion of NiCoFeCr. The details of
hese simulations are briefly described in the supplementary mate-
ial and more thoroughly in [50] . These kinds of simulations have
een validated for CSAs against experiments, with very good agree-
ent [52] . The Ni ion energies in the employed range (see Table 1 )
re such that the primary knock-on atom (PKA) spectra do not
hange dramatically and hence the same approach can be used for
ll ion energies [53] . The simulation cells were analyzed at differ-
nt doses, to study the vacancy concentrations and vacancy clus-
er statistics. To reduce statistical fluctuations, the results at each
ose are the value at the exact dose plus and minus three cas-
ades, so in total seven frames per run and material. The space
lling Wigner-Seitz cell method was utilized to observe the vacan-
ies. A cutoff in the middle between the second nearest neighbor
nd the third nearest neighbor was used to consider vacancies to
elong to the same cluster. In addition to the number of vacancies
nd vacancy cluster statistics, the detailed neighborhood of the va-
ancies and vacancy clusters were analyzed in form of elemental
egregation to these defects. In this analysis, the nearest neighbor
toms of the vacancies were analyzed through a cutoff in the mid-
le between the first and second nearest neighbor. For the vacancy
luster, the neighborhood of each and every vacancy building up
he cluster was analyzed and the statistics of all the cluster vacan-
ies was combined to get the elemental statistics of the clusters. 
. Results 
Ni ion irradiations with 4 different energies and ion fluences
ere performed in the model crystals to produce a wide dam-
F. Tuomisto, I. Makkonen and J. Heikinheimo et al. / Acta Materialia 196 (2020) 44–51 47 
Table 1 
Irradiation conditions including the corresponding ion fluences and average damage level in displacements per atom (dpa) estimated from full cascade SRIM simulations 
[47] . 
0.009 dpa 
(0.01 dpa) 
0.027 dpa 
(0.3 dpa) 
0.09 dpa 
(0.1 dpa) 
0.27 dpa 
(0.3 dpa) 
0.9 dpa 
(1 dpa) 
2 MeV 1.16 × 10 12 cm −2 3.5 × 10 12 cm −2 1.16 × 10 13 cm −2 3.5 × 10 13 cm −2 1.16 × 10 14 cm −2 
4 MeV 1.63 × 10 12 cm −2 4.9 × 10 12 cm −2 1.63 × 10 13 cm −2 4.9 × 10 13 cm −2 1.63 × 10 14 cm −2 
8 MeV 1.63 × 10 12 cm −2 4.9 × 10 12 cm −2 1.63 × 10 13 cm −2 4.9 × 10 13 cm −2 1.63 × 10 14 cm −2 
16 MeV 5.0 × 10 12 cm −2 1.5 × 10 13 cm −2 5.0 × 10 13 cm −2 1.5 × 10 14 cm −2 5.0 × 10 14 cm −2 
Fig. 2. (a) S parameter measured as a function of the positron implantation energy 
in selected samples. (b) (S, W) parameters for the same samples, the positron im- 
plantation energy is the running parameter in the data points. The error bars are at 
most the size of the markers. 
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Fig. 3. (S, W) parameters of the irradiated samples, the large empty circle repre- 
sents the center-of-mass of the control samples. The inset shows theoretical predic- 
tions for different sizes of vacancies in the NiCoFeCr systems. The dashed lines in 
the figure and the inset represent the same slopes. The error bars are at most the 
size of the markers. 
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l  ge region close to the surface and to a depth close to 3.5 μm
 Fig. 1 ). Five different damage levels (0.01, 0.03, 0.1, 0.3 dpa and
 dpa) and totally 45 samples were investigated. Fig. 2 a presents
he S parameter measured as a function of positron implantation
nergy in three NiCoFeCr samples: an unirradiated control sample
nd two irradiated samples with 2 – 16 MeV Ni ions to average
oses of 0.01 dpa and 1 dpa. When positrons are implanted close
o the sample surface with E ≤ 1 keV, corresponding to a penetra-
ion depth of up to 10 nm, the same S parameter of S = 0.50-0.51
s recorded in all three samples. The region of the roughly constant
 parameter begins above 15 keV implantation energy (correspond-
ng to a mean implantation depth of about 400 nm) in the control
ample, and already at about 2 keV in the irradiated samples. The
ata obtained at these energies are taken as characteristic of the
ample. The increased S parameter in the irradiated samples com-
ared to the control sample indicates that the positron-electron
omentum distribution is narrower in these samples, a clear sign
f vacancy defects created in the irradiated region. The faster tran-
ition of the S parameter from the surface values to the values in
he bulk of the material in the irradiated samples is a consequence
f the effective positron diffusion length shortening with the in-
rease of the density of vacancy defects that trap positrons. 
The (S, E) and (W, E) data measured in all the 45 samples
re shown in the supplementary material. It is clearly seen that
he S parameter increases (W parameter decreases) dramaticallyith irradiation compared to the un-irradiated control samples. At
he same time, it is clearly seen that the effective positron dif-
usion length shortens significantly as a consequence of the irra-
iation. Both observations indicate that the control samples pro-
ide positron annihilation signals close to those representing the
efect-free crystal lattice of each of the alloys. Indeed, fitting the
tationary positron diffusion equation [32] simultaneously to the S
s. E and W vs. E data gives values in the range 50–150 nm for the
ontrol samples and values in the range 10–50 nm for the irradi-
ted samples. Further, the average positron lifetimes measured in
he control samples vary in the range τ ave = 120–135 ps, with the
owest values in the range τ ave = 120–125 ps (single-component
pectra) for each of the as-grown alloys. The lattice lifetime, i.e.,
he lifetime corresponding to the delocalized positron state in the
efect-free crystal lattice is roughly τ B = 110 ps for the elemental
etals Ni, Fe, Cr and Co while mono-vacancy lifetimes are in the
ange 170–180 ps [54–57] . Hence, it is likely that the control sam-
les contain varying albeit small concentrations of dislocation and
acancy-type defects [58] , but they are good enough to be used
s a point of comparison. The fitted positron diffusion lengths and
easured positron lifetimes are shown for all the samples in the
upplementary material. 
The evolution of the positron annihilation parameters with ir-
adiation is best monitored by investigating the (S, W) plot shown
n Fig. 2 b. Data points characteristic to different annihilation states
re clearly distinguishable as pointed out in the figure. It is clearly
een that the (S, W) points converge to values in the bulk of the
amples at high implantation energies. Fig. 3 shows the (S, W)
oints determined for all the irradiated samples (colored mark-
rs) and for the control samples identified as best reference points
black markers), i.e., producing the lowest S, the highest W, the
ongest effective positron diffusion length and the shortest positron
48 F. Tuomisto, I. Makkonen and J. Heikinheimo et al. / Acta Materialia 196 (2020) 44–51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Vacancy concentrations estimated from positron data. The error bars repre- 
sent the relative error of concentrations within each alloy. 
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s  lifetime. The data points for the control samples are all rather
close to each other as expected, as the elemental Ni, Co, Fe and
Cr all produce very similar positron data. A random alloy of any
of the combinations retaining the lattice structure should produce
positron data that is close to a linear combination of the con-
stituents [59] . 
The main observation in Fig. 3 for the irradiated samples is that
for Ni and NiCo the data do not depend on the amount of damage
produced in the whole range of the experiments, that is 0.01 – 1
dpa. All the (S, W) points are clustered within the small dashed
circles shown in the figure, indicating that the effects of the irradi-
ation on the positron annihilation data are saturated already at the
lowest dose. In contrast, the (S, W) points for NiFe, NiCoCr, NiCoFe
and NiCoFeCr show a remarkable evolution towards the upper left-
hand corner. This phenomenon has escaped observation in earlier
experiments in a single alloy with a single irradiation dose [60] . 
In earlier work, the Doppler broadening parameter for mono-
vacancies relative to the parameters in the lattice in elemental Ni
have been identified as S D / S B = 1.08 – 1.10 [61] , correspond-
ing to S = 0.455 – 0.465 in Fig. 3 . This indicates that the defects
detected in our experiments in irradiated Ni are mono-vacancies,
and with high probability this is the case for NiCo as well, where
no evolution of the data is observed. For further analysis of this
issue, we performed ab initio electronic structure calculations of
positron annihilation signals for different sizes of vacancy defects
(V, V 2 and V 4 ) in elemental Ni, Co, Fe and Cr and produced the
data for the alloys through linear combination [62] . The calculated
Doppler broadening spectra are consistent with measurements per-
formed in elemental metals [63] . The relative S and W parameters
for the vacancy defects (vacancy-specific parameters normalized by
those of the perfect crystal lattice) are shown in the inset of Fig. 3 .
As expected, the calculated data show a clear tendency of the (S,
W) parameters shifting towards the lower right-hand corner of the
figure with increasing vacancy size, as well as a shift (with a dif-
ferent slope) of the (S, W) data with changing alloy composition
(the larger the difference in 3 d electron count, the larger the ef-
fect of the mono-vacancy). Two calculated data points are repro-
duced also among the experimental points using (S, W) = (0.42,
0.079) as an indicative lattice-representing point, showing that the
average size of the radiation damage in the experimental data cor-
responds to mono-vacancies also for the ternary and quaternary
alloys. Positrons detecting primarily mono-vacancy-sized defects
is in line with the formation of vacancy clusters through mono-
vacancy migration not being an efficient process at room tempera-
ture, as the mono-vacancy migration barriers are higher than 1 eV
in Ni and Ni-based alloys [21] . 
We have not normalized the experimental (S, W) parameters
due to the lack of a well-defined reference point that could be
used for normalization. There is some natural scatter in the control
samples in Fig. 3 as different alloys are studied, and in addition the
lifetime results suggest that the control samples are not completely
defect-free (see also the discussion in the supplementary material).
Instead, we have used the center-of-mass (S, W) point of the con-
trol samples to transfer two calculated points from the inset into
the main Fig. 3 , in order to compare the theoretical and experi-
mental data in the most illustrative manner. Note that the corre-
lation effects related to positron annihilation with 3 d shells of the
transition metal elements are difficult to describe and parametrize
when modeling positron lifetime and Doppler broadening. The LDA
enhancement factor overestimates the contribution of these shells,
which leads to an overestimated intensity at high momenta. How-
ever, for normalized Doppler broadening spectra as well as for nor-
malized S and W parameters (e.g. S/S B ) the systematic discrepan-
cies between experiment and theory have been found to cancel.
This is well visible in comparisons made for elemental metals us-
ing the same numerical approach and approximations [33,34] . . Discussion 
The observed evolution of the data points with irradiation dose
n NiFe, NiCoCr, NiCoFe and NiCoFeCr can occur for one of the
hree following reasons: ( i ) reduction in overall vacancy concentra-
ion in the irradiated SP-CSAs, ( ii ) change in average vacancy size,
r ( iii ) change in the average chemical environment of the detected
acancy defects. We rule out reason ( i ), as the overall vacancy con-
entration c D can be estimated from the effective positron diffusion
ength L eff
+ through the relation L + 
eff 
= L + 
√ 
( τ−1 
B 
) / ( τ−1 
B 
+ μV c D ) ,
ssuming a common positron trapping coefficient of μV = 10 15 s −1 
or the vacancy defects [64] , diffusion length L + = 160 nm [65] ,
nd a common lattice lifetime of τ B = 110 ps for all the sam-
les. The absolute scale of the vacancy concentrations estimated
n this way is correct within an order of magnitude, with the val-
es given here being at the lower end of the range due to the
hoice of the positron trapping coefficient [64] . The relative error
s much smaller, of the order of 25–30% within one alloy, with the
ncertainty originating mainly from the assessment of the effec-
ive positron diffusion length. Fig. 4 shows the estimated vacancy
oncentrations for all the samples and shows a clear increase with
rradiation dose. The experimentally extracted vacancy concentra-
ions are 1-2 orders of magnitude lower than the predictions from
topping and Range of Ions in Matter (SRIM) calculations, which
an be expected due to the uncertainty in the absolute concen-
ration scale and defect recombination during and after irradia-
ion at room temperature [66] . The estimated vacancy concentra-
ions appear higher in Cr-containing alloys, which may be due to
he choice of a common positron diffusion length for all the al-
oys (see supplementary material for a more detailed discussion).
mportantly, the experimental data in Fig. 4 show that the va-
ancy concentrations increase with increasing irradiation dose in
ur samples, ruling out explanation ( i ). This is as expected, since a
ecrease in vacancy concentration with increasing irradiation dose
ould be unusual. 
If the evolution of the (S, W) data with increasing irradiation
ose in NiFe, NiCoCr, NiCoFe and NiCoFeCr was due to a change
n average vacancy size, this would need to be a reduction as the
oppler broadening of the annihilation spectrum narrows and S
arameter increases with increasing open volume [64] . The state-
f-the-art theoretical calculations (inset of Fig. 3 ) show this to be
he case for all the alloys. However, a reduction of average vacancy
ize with increasing irradiation dose, in addition to being counter-
ntuitive, is opposite to what is predicted by cascade simulations
mploying molecular dynamics (MD) as shown in Fig. 5 . The MD
imulations predict that the fraction of mono-vacancies slightly de-
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Fig. 5. Modeled fractions of clusters containing different amounts of vacancy de- 
fects as a function of irradiation dose. The error bars are at most the size of the 
markers. 
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v  
s  reases and the fraction of larger vacancy clusters slightly increases
or all the considered alloys when the irradiation dose is increased.
t should be noted that the simulation is also quantitatively in
ine with the experimental observation that the dominant vacancy
ype defects in the irradiated materials are of mono-vacancy size
t least up to a dose of 0.3 dpa. In addition, the effect of the slight
ncrease in the average vacancy cluster size predicted by the MD
imulations can be translated to an increase (decrease) in relative
 (W) parameter by 0.01, matching very closely the span and in-
reasing (decreasing) trend of the experimental S (W) parameters
n Ni and NiCo as a function of irradiation dose ( Fig. 3 ). On longer
imescales, eventual migration of the irradiation-induced vacancy-
ype defects will further increase the average size of vacancy-type
efects in the material. We thus rule out also reason ( ii ), as the
xperimental data cannot be explained by a change in the average
acancy size with increasing irradiation dose. 
Hence, the only possible explanation for the observed evolu-
ion of the data is reason ( iii ): we evidence a change in the av-
rage chemical environment of the detected vacancy defects with
ncreasing irradiation dose in NiFe, NiCoCr, NiCoFe and NiCoFeCr.
he evolution of the (S, W) data towards the data in Ni and NiCo
ndicates that the average number of Ni and/or Co atoms increases
n the 12 atoms surrounding the mono-vacancy in the fcc struc-
ure compared to the lowest irradiation doses. This means that the
acancy defects in these higher-dose irradiated alloys have more
i or Co as nearest neighbors than they would if the distribution
f the elements was random. This phenomenon, manifested by the
pread of the data points in Fig. 3 , appears to get stronger with
ncreasing alloy complexity. The MD simulations show a relative
ncrease of Ni near mono- and di-vacancies in all of the alloys,
ith the smallest effect in NiCo (51% / 49%) and NiFe (52% / 48%)
nd slightly larger in NiCoFe and NiCoCr (36% / 33% / 31%). For
xample, in the NiCoCr alloy this translates to an average of 4.3
i atoms, 4.0 Co atoms and 3.7 Cr atoms neighboring the mono-
acancy, as opposed to the alloy average of 4 Ni, 4 Co and 4 Cr
toms. This result is in favor of only Ni segregating, hence allow-
ng us to conclude that we observe directional mass transport of Ni
n the multi-component alloys. Interestingly, minor segregation in
hese kinds of simulations has been earlier correlated with a more
rastic segregation on experimental timescales [25,26] , where it
as observed that radiation mixing and thermodynamics are com-
eting. In recent work on chemically-biased diffusion and segrega-
ion in irradiated Ni-Fe SP-CSAs, the integrated results from both
xperiments and MD simulations show that all sinks (voids, dislo-
ation) are enriched by Ni atoms, supporting our conclusion. The
ossible underestimation of segregation [25] is due to the veryigh dose-rates in the simulations compared to experiments, lead-
ng to much less time for diffusion and migration. It is impor-
ant to note the scale at which our observation is valid: the ele-
ental segregation observed by positrons only describes shortest-
ossible-range ordering phenomena, that is, individual Ni atoms
ollected next to mono-vacancy defects whose concentrations are
n the 100-1000 ppm range. 
Interestingly, the strengthening of directional mass transport
f Ni is correlated with the radiation resistance that is observed
o improve when the number of alloying elements is increased
23] . Recent radiotracer diffusion experiments [67–69] have shown
hat the diffusivity of the different elements in these alloys is
f highly complex nature and depends strongly not only on
he matrix but also on the diffusing element. We note that
n our room-temperature irradiation experiments we expect the
acancy-type defects to be stable after the ion irradiation induced
omplex nonequilibrium processes cool down, while interstitials
re expected to be still highly mobile [70,71] . Our observation
f vacancy-related Ni-preferential elemental segregation on the
tomic scale can shed light on the unusual diffusion properties in
P-CSAs. In particular, the different behavior of Ni and NiCo com-
ared to NiFe, NiCoCr, NiCoFe and NiCoFeCr may be attributed to
ignificantly increased sluggish diffusion in the more chemically
isordered alloys [27,28,30,72] . This sluggish diffusion is also a pos-
ible reason for the trend-like increase in the irradiation-induced
acancy concentrations with increasing alloy complexity, seen in
ig. 4 . Interestingly, phenomena related to chemical ordering were
ot observed in recent work where 0.001 – 1 dpa irradiation dam-
ge was produced by 150-keV hydrogen ions [73] , suggesting that
he spectrum of transferred energy has a significant effect on the
rdering. 
In disordered CSAs, it is commonly assumed that different ele-
ents have completely random arrangements on the lattice. Short-
ange order has, however, been reported in a solid-solution NiC-
Cr alloy subjected to various processing and irradiation conditions
9,11,74] . Together with the present results, this indicates that the
ssumption of complete randomness is not necessarily valid in ir-
adiated material even at early stages of radiation damage accu-
ulation. Extended X-ray absorption fine structure analysis and
cattering measurements reveal that the vibration of Ni-Cr and Ni-
o bonds is one-order of magnitude smaller than that of other
airs, suggesting Cr is favorably bonded with Ni and Co. This local
tructure is also confirmed by ab initio and MD calculations. Al-
oy properties are closely related to their structures, although the
tomic-level structural impact is unknown. Short-range order calls
ttention to composition fluctuation at the atomic level and high-
ights the necessity of fully interpreting all constituents, as the sce-
ario of a totally random arrangement is insufficient. Importantly,
he analysis of the electronic structure reveals that the capabil-
ty for charge transfer between neighboring atoms is affected by
he 3 d electron count [9,30,75] . Compared with the late 3 d transi-
ion elements Ni and Co, the partially filled 3 d electron states and
heir densities in Fe and Cr are flexible, readily accommodating de-
ects. This discovery provides insights into unusual properties con-
rolling energy dissipation and defect evolution mechanisms lead-
ng towards ultimate suppression of radiation degradation. Further,
t clearly demonstrates the importance and suggests a new de-
ign strategy of alloying elements with partially filled d electron
hells to produce beneficially modified energy landscapes for alter-
ng mass transport properties. 
. Summary 
We show that elemental segregation takes place already at
ery early stages of radiation damage in single-phase concentrated
olid solution alloys (SP-CSAs), well below 1 dpa. This is observed
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 through the atomic-level segregation of Ni around mono-vacancy-
type damage in Ni-based SP-CSAs composed of 3 d transition met-
als in the form of binary, ternary and 4-element NiCoFeCr alloys.
We arrive at this conclusion by following the evolution of positron
annihilation signals as a function of irradiation dose in single crys-
tal samples, complemented by molecular dynamics simulations in
the same model systems for high entropy alloys (HEAs). This man-
ifestation of short-range order calls attention to composition fluc-
tuations at the atomic level in HEAs and highlights the necessity
of fully interpreting all constituents, as the scenario of a totally
random arrangement is clearly insufficient. Our discovery also pro-
vides insights into unusual properties controlling energy dissipa-
tion and defect evolution mechanisms leading towards ultimate
suppression of radiation degradation. 
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